Toward the goal of recovering the phylogenetic relationships among elapid snakes, we separately found the shortest trees from the amino acid sequences for the venom proteins phospholipase A 2 and the short neurotoxin, collectively representing 32 species in 16 genera. We then applied a method we term gene tree parsimony for inferring species trees from gene trees that works by finding the species tree which minimizes the number of deep coalescences or gene duplications plus unsampled sequences necessary to fit each gene tree to the species tree. This procedure, which is both logical and generally applicable, avoids many of the problems of previous approaches for inferring species trees from gene trees. The results support a division of the elapids examined into sister groups of the Australian and marine (laticaudines and hydrophiines) species, and the African and Asian species. Within the former clade, the sea snakes are shown to be diphyletic, with the laticaudines and hydrophiines having separate origins. This finding is corroborated by previous studies, which provide support for the usefulness of gene tree parsimony. 1997 Academic Press
INTRODUCTION
The family Elapidae is a major group of venomous snakes containing nearly 300 species in 62 genera (Golay et al., 1993 ; herein we use Elapidae in the broad sense to include both terrestrial and marine species, whereas Golay et al. place the marine species in the separate family Hydrophiidae). Traditionally, the family Elapidae has included front-fanged snakes with relatively immobile maxillae, i.e., proteroglyphs. However, there have been two challenges to the monophyly of the Elapidae (sensu lato) within the last three decades. McDowell (1968) argued for the removal from the Elapidae and transfer to the Colubridae of the two species of Homoroselaps. Subsequently, Savitzky (1978) argued that New World coral snakes were allied more closely with certain South American colubrids than to other proteroglyphs. Savitzky's conclusions, however, were disputed on the basis of immunological (Cadle and Sarich, 1981) and morphological (McCarthy, 1985) data. Recently, Underwood and Kochva (1993) , in a phylogenetic analysis of morphological characters in representatives of Atractaspis, Homoroselaps, African aparallactine colubrids, African elapids, and the South American colubrids Apostolepis and Elapomorphus, found support for a relationship between Homoroselaps and elapids and returned Homoroselaps to that family. Hence, the family Elapidae is currently understood to constitute a monophyletic group containing all proteroglyphs. McDowell (1970) , in an examination of morphological characters, concluded that elapids fall into two groups: the palatine draggers and palatine erectors. Palatine draggers include Australasian terrestrial elapids (except Parapistocalamus) and hydrophiine sea snakes. In these species, the palatine acts as an anterior extension of the pterygoid, remaining horizontal even when the maxilla is erected (McDowell, 1970) . The palatine erectors include terrestrial African, Asian, and American elapids, the marine Laticauda, and Parapistocalamus. In these species, the palatine is erected along with the maxilla during protraction of the palate (McDowell, 1970 ). McDowell's hypothesis was used in the snake classification of Smith et al. (1977) , who divided Elapidae sensu lato into Elapidae sensu stricto and Hydrophiidae for the palatine erectors and draggers, respectively.
There have been several molecular phylogenetic studies of elapids (reviewed under Discussion), but these studies have examined only limited numbers of taxa. Because of the extensive efforts over the past two decades by biologists studying the biochemistry and pharmacology of snake venoms, dozens of amino acid sequences of snake venom proteins are currently avail-able in molecular databases. Thus, elapid venom proteins offer a potentially valuable data source for comprehensive studies of elapid phylogeny. For the present study, we chose the venom proteins phospholipase A 2 (PLA 2 ) and short neurotoxin (NXS) because of the large number of sequences available.
Elapid Venom Proteins
Phospholipase A 2 (PLA 2 ; EC 3.1.1.4) is an enzyme that catalyzes the Ca 2ϩ -dependent hydrolysis of the 2-acyl ester bond of 3-sn-phosphoglycerides (De Haas and Van Deenen, 1961) . Davidson and Dennis (1990) considered the evolution of PLA 2 s in snakes and mammals and hypothesized that a duplication event preceding the divergence of reptiles and mammals gave rise to Types I and II PLA 2 s (Heinrikson et al., 1977) , which differ in the configuration of disulfide bridges. In mammals, Type I PLA 2 s are secreted in the pancreas, whereas Type II PLA 2 s are strictly intracellular. In snake venom glands, only the former are expressed in elapids, whereas only the latter are expressed in viperids. Within elapids, Davidson and Dennis postulated a further gene duplication event which gave rise to Types IA and IB PLA 2 s. The majority of sequenced elapid PLA 2 s are from the former group. Type IA PLA 2 s can be diagnosed by the derived loss of the ''pancreatic loop,'' a five residue stretch deleted from the middle of the enzyme. In this study, Type IB sequences from Oxyuranus scutellatus and Pseudonaja textilis were employed as the outgroup sequences for phylogenetic analysis of Type IA PLA 2 s.
Short neurotoxins are 60-62 amino acid residues long and are part of a group of related elapid venom proteins that also includes long neurotoxins and membrane toxins (Karlsson, 1979) . Pharmacologically, short neurotoxins bind to acetylcholine receptors, thereby preventing the depolarizing action of acetylcholine (Karlsson, 1979) . A previous study (Strydom, 1979) suggests that NXSs are monophyletic relative to the long neurotoxins and membrane toxins.
Several studies have previously considered elapid PLA 2 s (e.g., Dufton and Hider, 1983; Tamiya, 1985; Davidson and Dennis, 1990; Kostetsky et al., 1991) and NXSs (e.g., Tamiya, 1985) in a phylogenetic context, but these studies examined only a subset of the taxa now available.
Inferring Species Trees from Gene Trees
There are two levels of error possible in the reconstruction of species trees from molecular sequences: first, a gene tree for a series of molecular sequences will be incorrectly inferred if there is sufficient random or systematic error (Swofford et al., 1996) , and second, even if a gene tree is correctly inferred, the phenomena of deep gene coalescence, gene duplication, and lateral gene transfer (Fig. 1 ) can produce a gene tree different from the true species tree (Goodman et al., 1979; Avise et al., 1983; Pamilo and Nei, 1988; Doyle, 1992) . In the following discussion, we assume that the terminal sequences of a gene tree have shared only one history and, further, that this history has been correctly inferred. A deep gene coalescence (ancestral polymorphism) is a coalescent event for a set of sequences at a single locus that preceded the ancestor of the species possessing the sequences. A deep coalescence (Fig. 1A) can produce conflict between a gene tree and the species tree because there is a window of opportunity for a sequence from a less related species to coalesce with one of the descendant sequences of the deep coalescence. Gene duplication (Fig. 1A) produces conflict that is analogous to deep coalescence because paralogous sequences are sequences that coalesced prior to the ancestor of the species from which they were sampled. Of course, the evolutionary dynamics of maintaining duplicated genes are different from those of maintaining multiple alleles at a locus, which are in FIG. 1. Examples of gene trees embedded in species trees showing the sources of gene tree/species tree conflict. The tree in A shows the general phenomenon of sequence lineages coalescing prior to the ancestor of the species from which the sequences were sampled. In this case, the sequences sampled from species 1 and 2 coalesce prior to the ancestor of species 1 and 2. This provides a window of opportunity for the sequence lineage from 3 to coalesce after the 1, 2, coalescence, leading to a gene tree incongruent with the species tree. This phenomenon can occur in two specific ways: first, the alleles at a single locus can fail to coalesce within the ancestor of the species from which they were sampled, a situation termed deep coalescence; or second, a gene can duplicate, followed by a failure of some of the descendant gene copies to be sampled. In the latter case, genes 1 and 2 would be considered paralogous. Because of the expectation of descendant sequences from each duplication event, the two types of phenomena necessarily are analyzed differently (see Fig. 2 ). Tree B shows an example of lateral transfer, wherein a gene lineage with its ancestry in species 2 is transferred to species 3, leading to conflicting gene and species trees. This can occur in several ways, including hybridization between species and viral transfer of genes between hosts. direct competition. Nevertheless, without additional information (beyond observed conflict between a gene and species tree), it is impossible to distinguish between gene duplications and deep coalescences. Deep coalescences and gene duplications, however, are only part of the problem; the rest of the problem involves our failure to sample sequences that have or might have descended from the ancestral sequences. For example, the conflict between gene and species trees due to sampling paralogous sequences from the two loci of a duplicated gene would disappear if sequences from both loci were sampled in all the species. Lateral gene transfer (Fig. 1B) includes phenomena such as hybridization between species, which obscures species phylogeny because sequences from one species may introgress into another species.
Faced with conflict among gene trees, the obvious question is: How should the species tree be inferred? One of the most commonly used strategies for inferring species phylogenies from multiple genes is the combined-data approach (Kluge, 1989) , which works by concatenating all available gene sequences for a set of species into a single, composite matrix for analysis. Several authors have argued that the combined-data approach is not appropriate for genes with different histories (Bull et al., 1993; De Queiroz et al., 1995) . Three specific reasons can be identified. First, if there is sequence polymorphism within species, it is not obvious how this can be incorporated into a combined matrix: for species X, which sequences from gene A should be combined with which sequences from gene B? Second, the distinction between homoplasy and gene tree/species tree conflict is ignored (Page and Charleston, 1997) . For example, if a gene tree is (AB)C and the true species tree is (AC)B, then any substitutions occurring along the branch of descent leading to (AB) on the gene tree will be interpreted as homoplasy in the context of the species tree, even though they are not homoplasies at all. Third, and perhaps most important, because the nucleotides of a given gene share the same history (assuming no recombination; see below), a gene phylogeny represents only a single character of the species phylogeny (Doyle, 1992) , regardless of the number of nucleotides that compose that gene. Or to put it another way: genes with different histories are independent estimators of a species phylogeny, but within each gene the nucleotides are not independent estimators of the species phylogeny (Miyamoto and Fitch, 1995) . To illustrate the problem, consider constructing a combined matrix from two gene sequences where one gene has twice the number of nucleotides. In this situation, we are giving that gene's history twice the weight. However, there is no a priori reason for weighting one gene's history more than another when inferring a species phylogeny. This is not to say that the combined-data approach is never applicable; it is, but only under the restricted condition that a series of genes has the same bifurcating history. In this situation, it is probably desirable to combine the data because of the property of statistical consistency (Huelsenbeck et al., 1996) , which ensures that the estimated tree converges on the true tree with ever-increasing numbers of characters. (However, phylogenetic consistency requires certain assumptions of the evolutionary process that generated the data.) Several tests have been proposed for the null hypothesis that two data sets represent character samples from the same phylogeny (reviewed by Huelsenbeck et al., 1996) .
Because the nucleotides (or amino acids) from genes with different histories cannot be combined for phylogenetic analysis, several authors have proposed alternative methods for inferring species trees from gene trees based on treating each gene tree as the basic datum. Doyle (1992) and Ragan (1992) suggested recoding each gene phylogeny into parsimony characters, an approach that Ragan termed ''matrix representation of trees.'' The resulting series of characters can then be analyzed to find the minimum-length species phylogeny. This approach, however, is flawed because homoplasy in this context has no obvious biological meaning (Rodrigo, 1993; Page, 1994a) . When an extra step occurs for a character (gene tree), it is not clear just what that extra step means. Furthermore, polymorphism cannot be accommodated by this method.
De Queiroz (1993) advocated the use of consensus trees for inferring species trees in the face of gene tree/species tree conflict. This use of consensus analysis is inappropriate for two reasons (Mirkin et al., 1995) : first, consensus methods cannot accommodate differing sets of terminal entities (Page, 1996) , such as arises from gene trees exhibiting polymorphism or simply from gene trees with sequences sampled from different species; and second, consensus trees do not represent real biological events. Rodrigo et al. (1993) have advocated a sequenceexcision procedure, wherein problem sequences are excised, the data sets tested for homogeneity, and the procedure repeated until the null hypothesis that two data sets represent character samples from the same phylogeny cannot be rejected. Excising sequences, however, may not be the best way to accommodate gene tree conflict (see below).
Page (1994a), Mirkin et al. (1995) , and Guigo et al. (1996) describe a method for inferring species trees from gene trees that avoids the problems discussed above. Under their method, the preferred species phylogeny is the one that minimizes the number of gene duplications plus gene losses necessary to fit each gene tree to the species tree. This method uses an optimization procedure that fits a gene tree to a species tree by assuming that the gene tree is actually a subtree of a larger tree chosen so as to minimize the number of gene duplications plus gene losses (either gene extinctions or simply failures to sample genes) necessary to make the original gene tree and species tree congruent. This optimization procedure was initially investigated by Goodman et al. (1979) and later formalized by Page (1994a) as ''tree reconciliation.'' An example of tree reconciliation is shown in Fig. 2 : gene tree 2A can be fit to species tree 2B by assuming that the gene tree is a subtree of the reconciled tree shown in 2C. Tree reconciliation is implemented in Page's (1993) program COMPONENT 2.0.
This approach shows great promise, especially because reconciled trees are hypotheses of real biological events, but it is overly restrictive because it assumes that all gene tree/species tree conflict is due to gene duplication. Thus, it is necessary to generalize the method to include the other possible sources of gene tree/species tree conflict, namely deep coalescence and lateral transfer. We call the generalized approach gene tree parsimony and define it as a method which finds the species tree that minimizes the weighted sum of deep coalescences, gene duplications plus losses, and lateral transfers necessary to fit each gene tree to the species tree. Gene tree parsimony has an undeniable logic: if a gene tree is different than the true species tree, it is due to some combination of deep coalescences, gene duplications, and lateral transfers. Therefore, it is biologically realistic to consider these as the fundamental events to minimize under a parsimony criterion for inferring species phylogeny. A practical feature of gene tree parsimony is that the individual gene trees need not be based on the same sets of species. Parsimony is not the only possible method for finding a species phylogeny based on reconstructing deep coalescences, gene duplications, and lateral transfers. If one is willing to assign probabilities to these events, then a maximum likelihood approach is also possible. Many papers have modeled the probabilities of deep coalescences under simple, stochastic models (e.g., Pamilo and Nei, 1988; Takahata, 1989; Wu, 1991) .
To generalize gene tree parsimony to include deep coalescence and lateral transfer, it is first necessary to have optimization procedures comparable to tree reconciliation for these two types of conflict-producing events. For deep coalescence, a simple optimization procedure can be used based on Page's (1994a) concept of generating maps between trees. First, the sequence names on the gene tree are replaced with the names of the species from which they were sampled. Then each cluster on the gene tree is mapped to the smallest cluster on the species tree that contains all the species in the gene
FIG. 2.
Optimization methods for implementing gene tree parsimony. Tree A is a gene tree for six sequences sampled from species 1-5, whose relationships are shown in B. The sequence names have been replaced with the species' names and are shown in shadowed outline. Under the assumption that the observed gene tree/species tree conflict is due to gene duplication coupled with unsampled or extinct sequences, the gene tree can be fit to the species tree by postulating gene tree C, a new tree termed the ''reconciled tree'' (Page, 1994a) . Tree C represents the minimal number of duplications (asterisks) plus losses (gray branches) (2 duplications/4 losses) required to fit tree A to tree B. Under the different assumption that the gene tree/species tree conflict is due to deep coalescence, a different procedure can be used to fit a gene tree to a species tree based on Page's (1994a) concept of mapping clades. Each cluster on the gene tree is mapped to the smallest cluster on the species tree that contains all the species from which the sequences were sampled. (In the case of a species with multiple or missing sequences, it is necessary to temporarily modify the species tree by repeating the species as many times as there are extra sequences or deleting the species altogether, respectively.) Any unmapped clades on the species tree represent deep coalescence events for the sequences sampled from the species contained in the clade. In D, a gene tree (on left) is mapped to a species tree, a fit that requires two deep coalescences because the sequences from species 1 and 2 and the two sequences from species 4 fail to coalesce within the ancestors of those species. It is also possible to weight each deep coalescence by a function of its depth, which is probably desirable because deeper deep coalescences are less likely than shallower deep coalescences. The simplest procedure is to simply weight each deep coalescence by the number of interior nodes removed it is from the ancestor of the species from which the sequences were sampled. In D, deep coalescence 1/2 would be weighted 2 and deep coalescence 4/4 would be weighted 1 for a total cost of 3. tree cluster (Fig. 2D) . The number of unmapped clusters on the species tree counts the minimum number of deep coalescences necessary to fit the gene tree to the species tree. In the case of a species with multiple or missing sequences, it is necessary to temporarily modify the species tree by repeating the species as many times as there are extra sequences or by deleting the species altogether, respectively. This optimization procedure gives a simple, unweighted count of the number of deep coalescences required to fit a gene tree to a species tree; it does not take into account the depth of each deep coalescence. In fact, some way to weight deep coalescences by a function of depth is desirable because deeper deep coalescences are less likely than shallower deep coalescences. The simplest method is a linear weighting scheme that weights each failed coalescence by its depth measured in interior nodes (see Fig. 2D ). Page (1994a,b) and Page and Charleston (manuscript) discuss ways to fit a gene tree to a species tree under the assumption that conflict is due to lateral transfer. Hybridization is probably rare in certain taxa, including snakes, but common in other taxa, especially plants. Because there is little evidence of hybridization in elapid snakes, we will assume in the remainder of this paper that all conflict between elapid gene and species trees is due to some combination of deep coalescence and gene duplication.
Gene tree parsimony expands the phylogenetic analysis of species based on molecular sequences to two levels: first, gene trees are individually reconstructed from all loci under consideration, and second, the species phylogeny is inferred from the set of gene trees. This approach implements the concept (Doyle, 1992) that nucleotides are characters of gene trees, whereas gene trees are characters of species trees.
As mentioned above, the methods discussed in this paper make two assumptions with regard to gene trees: first, the terminal sequences of a gene tree have shared a single history representable by a binary tree, and second, this tree has been correctly inferred. The former assumption may in some cases be tenuous, especially for long sequences, because of the possibility of recombination. Recombination conjoins sets of nucleotides that have had different histories and results in sequences with composite histories, in which case it is illogical to represent the sequences' history with a single tree. In theory, historically linked units within genes with composite histories should be identifiable. The same methods (Huelsenbeck et al., 1996) used to test whether two genes share the same history might potentially be applied to this problem by testing all n Ϫ 1 bipartitions of contiguous sites within a single gene of n aligned characters for homogeneity. A failure to reject the null hypothesis of homogeneity for all of the n Ϫ 1 tests would suggest that no recombination had occurred.
MATERIALS AND METHODS

Venom Protein Sequences
All sequences were retrieved from the protein database SWISS-PROT using NCBI's Taxonomy Browser. Any signal sequences were removed prior to alignment. The sequences were aligned using GeneWorks, which resulted in 122 homologous sites for the PLA 2 s and 62 homologous sites for the NXSs (a copy of the alignments is available from the first author).
Gene Tree Analysis
All parsimony analyses were performed with PAUP* 4.0 (Swofford, 1997) . We analyzed the data using the PROTPARS method of PHYLIP (Felsenstein, 1989) , which assigns the distance between any pair of amino acids as the minimum number of nucleotide substitu-tions involving amino acid substitutions required to interconvert the amino acids. We feel that this method is superior to the unordered method (Fitch, 1971) , which ignores the underlying genetic code. Only the subsets of sites that formed informative characters were used. Gaps were treated as additional states. In all analyses, 10 sequential heuristic searches were run using starting trees generated by random stepwise addition. Branch swapping was performed using the tree-bisection reconnection method. PAUP's ''3 ϩ 1'' option was employed as a shortcut for determining ancestral amino acids. To assess the quality of the data, we used three methods implemented in PAUP* 4.0: bootstrapping (Felsenstein, 1985) , skewness (Hillis, 1991; Hillis and Huelsenbeck, 1992) , and the permutation test (Faith and Cranston, 1991) . Bootstrap proportions were based on 100 pseudosamples. Skewness was estimated from random samples of 10,000 trees. Permutation tests were based on 1000 replicates, the lengths of which were found by heuristic searches using stepwise addition only (no branch swapping).
Species Tree Analysis
To implement gene tree parsimony, we used test version 0.75 of GeneTree (Page and Charleston, 1997), a program written by Rod Page for MacIntosh computers that searches for the shortest species tree(s) under the optimality criterion of minimizing the number of deep coalescences or gene duplications plus unsampled sequences (currently, the program does not consider lateral transfer). At present, GeneTree can only minimize the number of deep coalescences or gene duplications plus losses during a run but not both simultaneously. This is equivalent to performing a run where one type of event is given a weight of 1, while the other is given a weight of 0. Mixed analyses are probably more realistic, but this involves the complex issue of how deep coalescence and duplication events should be weighted relative to each other. When the criterion of minimizing deep coalescences is in effect, GeneTree calculates the cost of a species tree by weighting each deep coalescence by its depth as described under Inferring Species Trees from Gene Trees (see Fig. 2 ). When no sequences for a particular gene have been sampled from a species, GeneTree treats this as missing data; that is, the missing sequences are not counted as losses under the duplication criterion. This has the desirable effect of eliminating spurious clades formed by the shared absence of sequences for a gene.
Prior to all analyses, the outgroup sequences were removed from the gene trees. Heuristic searches were run using starting trees generated by random stepwise addition. Branch swapping was done with the ALT option, which alternates between nearest-neighbor interchanges and subtree pruning and regrafting. This method is the most effective (Page and Charleston, 1997) of the branch-swapping options available in GeneTree.
Just as with any phylogenetic method, some way of assessing the quality of the data (and, hence, of the results) is desirable. Perhaps the simplest method would be a randomization procedure, wherein the sequence names are randomly permuted at the tips of each gene tree, followed by inference of the shortest species tree from the permuted gene trees using gene tree parsimony. This is repeated many times to build a distribution of species tree lengths under the null model of no phylogenetic structure. The observed species tree length is then compared to the null distribution. Another method would be to simply perform bootstrapping using the gene trees as characters (but this would not be informative with low numbers of gene trees, as with the present study). At present, GeneTree does not implement any methods for testing the similarity among gene trees. We used the following method: first, GeneTree was used to find the shortest species trees from each gene tree analyzed separately by minimizing deep coalescences; second, any unshared species were pruned from the species trees; third, we calculated the similarity of the pruned PLA 2 and NXS species trees by counting the number of shared clades; and fourth, we tested the null hypothesis that the two species trees may have been sampled randomly using the asymptotic equation of Hendy et al. (1988) .
RESULTS
Gene Trees
From the PLA 2 sequences, 30 shortest trees of 1268 steps were found (Fig. 3) . Both the skewness ( g1 ϭ Ϫ0.34) and the PTP tests (P Ͻ 0.001) indicate that the PLA 2 sequences have strong phylogenetic structure when treated under the PROTPARS method.
From the NXS sequences, 108 shortest trees of 278 steps were found (Fig. 4) . Both the skewness ( g1 ϭ Ϫ0.45) and the PTP tests (P Ͻ 0.001) indicate that the NXS sequences have strong phylogenetic structure when treated under the PROTPARS method.
For the species tree analyses, we arbitrarily chose the first tree from each of the two sets of shortest gene trees rather than use the consensus trees for the simple reason that GeneTree accepts only fully resolved trees. The arrows in Figs. 3 and 4 show the particular resolution used for each protein.
Species Trees
Under the criterion of minimizing duplications plus losses, GeneTree found Ͼ99 shortest species trees (currently, the program can only store 99 trees) (Fig. 5 ) from the PLA 2 and NXS trees (Figs. 3 and 4) with a cost of 122 (deep coalescence cost ranged from 58-62). Under the criterion of minimizing deep coalescences, GeneTree found Ͼ99 shortest trees (Fig. 6 ) with a cost of 54 (duplication cost 131-135).
When the PLA 2 and NXS trees are analyzed separately by GeneTree under the criterion of minimizing deep coalescences, the following results are obtained: the four shortest species trees (Fig. 7) based on the PLA 2 tree have a length of 25 (duplication cost 68-71); the six shortest species trees (Fig. 8) based on the NXS tree have a length of 11 (duplication cost 23-26). Using the tree-comparison procedure described above under Materials and Methods, the similarity among all 24 pairs of PLA 2 and NXS species trees is three shared clades, which is highly significant (P ϳ 0.0003).
With regard to phylogenetic clustering, specific results are discussed in the following section.
DISCUSSION
In this paper, we have argued that the combined data, matrix representation, consensus, and sequenceexcision methods for inferring species phylogenies from genes with conflicting histories are inappropriate. Instead, we have presented a method we call gene tree parsimony that operates by finding the species tree that minimizes a weighted sum of the different kinds of conflict-producing events necessary to fit each gene tree to the species tree. The program we used to implement gene tree parsimony, GeneTree (Page and Charleston, 1997) , only allows one to minimize either deep coalescence or gene duplication, but not both simultaneously.
FIG. 4.
The SCT of the 108 shortest trees (278 steps) resulting from a PROTPARS parsimony analysis of 42 NXS sequences. The numbers along the internodes are the bootstrap proportions that were greater than 50%. The arrows indicate the particular resolution that was used for the GeneTree analyses. See Fig. 3 for abbreviations.
Mixed analyses may be more realistic, but this will involve decisions on how to weight the two kinds of events relative to each other. Additionally, future work on optimization algorithms will be required before lateral transfer can be incorporated.
In the following discussion, we describe our findings with regard to elapid relationships as inferred from the PLA 2 and NXS genes using gene tree parsimony and compare them to the results of previous studies, both morphological and molecular. In doing so, we emphasize areas of corroboration, which is probably the best arbiter of the accuracy of phylogenetic hypotheses, and hence the methods used to derive them (Penny et al., 1982; Miyamoto and Cracraft, 1991; Slowinski, 1993) .
The elapids examined in our study were found to fall into two sister groups (Figs. 5 and 6), one containing the marine (Aipysurus, Astrotia, Enhydrina, Hydrophis, and Laticauda) and terrestrial Australian (Acanthophis, Notechis, Oxyuranus, Pseudechis, and Pseudonaja) species, and the other containing the African and Asian species (Aspidelaps, Boulengerina, Bungarus, Hemachatus, Maticora, and Naja) . This result is similar to the results of earlier phylogenetic studies of PLA 2 s (Dufton and Hider, 1983; Tamiya, 1985; Davidson and Dennis, 1990; Kostetsky et al., 1991) and corresponds largely to McDowell's (1970) cept Laticauda] elapids) and palatine erectors (all terrestrial African, Asian, and American elapids, Laticauda, and Parapistocalamus), respectively. A major difference between our study and McDowell's is our association of Laticauda with the terrestrial Australian and marine elapids. A phylogenetic association between Australian terrestrial elapids with both laticaudine and hydrophiine sea snakes has been supported by other molecular studies (Minton and da Costa, 1975; Cadle and Gorman, 1981; Mao et al., 1983; Schwaner et al., 1985) . Several studies that have not included Australian terrestrial genera, both molecular (Mao et al., 1977 (Mao et al., , 1978 Guo et al., 1987; Murphy, 1988) and morphological (McCarthy, 1986) , have united laticaudines and hydrophiines to the exclusion of African, American, and Asian forms. Thus, contrary to McDowell's (1967 McDowell's ( , 1969 McDowell's ( , 1972 ) placement of laticaudines with Calliophis, Maticora, Parapistocalamus, and New World coral snakes (Micruroides and Micrurus), the balance of evidence supports an association of the laticaudines with the hydrophiine sea snakes and Australian terrestrial species.
Our results (Figs. 5 and 6) indicate that the sea snakes are diphyletic, with the laticaudines and hydrophiines having separate origins. The hydrophiine sea snakes (Enhydrina, Astrotia, Hydrophis, and Aipysu- rus) clustered with the Australian Notechis, Pseudechis, and Acanthophis, while Laticauda is separated from this group by Pseudonaja (Fig. 5) . This result is corroborated by previous studies. Shine (1985a) has pointed out that two morphological features, viviparity and undivided subcaudals, are shared between hydrophiines and the following Australian genera (recognized by Hutchinson, 1990) [Shine, 1985b] .) Viviparity and undivided subcaudals are derived characters within elapids and support an association between hydrophiines and the aforementioned terrestrial Australian genera (except for Pseudechis, which possess divided subcaudal scales) to the exclusion of the laticaudines. Further support for an association between hydrophiines and viviparous Australian elapids comes from Schwaner et al. (1985) and Gopalakrishnakone and Kochva (1990) . Schwaner et al. (1985) examined transferrin immunological distances among a variety of Australian elapids and sea snakes, as well as several African and Asian forms. They found that laticaudines and hydrophiines were close to the Australian lineages, but that laticaudines and hydrophiines had arisen separately and that hydrophiines were especially close to Notechis. Gopalakrishnakone and Kochva (1990) found similarities in venom gland morphology between hydrophiines and the ''Notechis group'' of Australian terrestrial elapids and suggested an evolutionary link. Clearly, hydrophiines have arisen within a clade that includes the Australian viviparous species, whereas Laticauda has arisen independently from within a clade of Australian oviparous species.
In our study, we examined several African and Asian genera, but none of the American genera (Micrurus and Micruroides), for which complete venom protein sequences are not yet available. However, there is some support for the African, American, and Asian forms being collectively monophyletic. Murphy (1988) , in a phylogenetic study of six elapid genera, found an association of Micrurus, Micruroides and Naja to the FIG. 7. The SCT of the four species trees generated from the PLA 2 s alone (Fig. 3) using GeneTree and minimizing deep coalescences (cost ϭ 25).
FIG. 8.
The SCT of the six species trees generated from the NXSs alone (Fig. 4) using GeneTree and minimizing deep coalescences (cost ϭ 11). exclusion of Laticauda, Pelamis, and Emydocephalus. We must point out that the relationships of the African genus Dendroaspis are problematical. Tamiya (1985) found that the NXSs of this genus were the most divergent of any examined for elapids, which led us to treat them as the outgroup sequences in our gene tree analyses. Further work is needed to clarify the position of Dendroaspis.
Our study (Figs. 5 and 6) suggests that both the African (Naja nigricollis, N. haje, N. melanoleuca, N. mossambica, and N. pallida) and Asian (N. atra, N. kaouthia, N. naja, N. oxiana, and N. philippinensis) Naja may be nonmonophyletic. This may be true of the African Naja, but is probably not true for the Asian Naja, for which morphological synapomorphies are known (Szyndlar and Rage, 1990 ). If we consider the PLA 2 s alone (Fig. 7) , the monophyly of Asian Naja is corroborated.
The foregoing discussion has important implications for elapid classification. In his influential classification, Boulenger (1896) divided the Elapidae into the subfamilies Hydrophiinae and Elapinae. He placed both laticaudine and hydrophiine sea snakes into the Hydrophiinae, and all other elapids into the Elapinae. In his monograph on sea snakes, Smith (1926) also included laticaudines and hydrophiines together, but at the elevated rank of family (Hydrophiidae). Boulenger's (1896) subfamilial scheme was adopted in Underwood's (1967) classification, although he expressed some skepticism regarding a close relationship between laticaudines and hydrophiines. McDowell's (1967 McDowell's ( , 1969 McDowell's ( , 1970 McDowell's ( , 1972 extensive morphological work on elapids led him to conclude that hydrophiines were related to terrestrial Australasian elapids, but that laticaudines were actually related to elapines. The classification of Smith et al. (1977) reflected McDowell's conclusions: Laticauda was included in the Elapidae with the African, American, and Asian species, while hydrophiines and terrestrial Australasian elapids were combined in the Hydrophiidae. Burger and Natsuno (1974) chose a different classification, placing laticaudines in their own family, the Laticaudidae, to reflect McDowell's (1967 McDowell's ( , 1969 McDowell's ( , 1970 McDowell's ( , 1972 contention of a separate origin for laticaudines.
Although it is clear that hydrophiines are indeed related to the terrestrial Australasian elapids, the laticaudines are not allied to the Asian, African, and American forms, but instead to the hydrophiines and terrestrial Australasian forms. Therefore, we advocate the following subfamilial classification of elapids:
Elapinae Boie 1827, including all terrestrial Asian, African, and American genera; Hydrophiinae Fitzinger 1843, including all marine genera and the terrestrial Australo-Papuan and Melanesian genera. This scheme is similar to Smith et al.'s (1977) classification, which is based on the work of McDowell, except that our classification includes Laticauda in the Hydrophiinae. In their classification, Smith et al. subdivided their Hydrophiidae into the subfamilies Hydrophiinae for the hydrophiine sea snakes and Oxyuraninae for the Australasian taxa. Because our study shows that Oxyuraninae is paraphyletic relative to sea snakes, the taxon should be abandoned. Partition of Hydrophiinae sensu novo must await further resolution of the relationships of these elapids.
In our study, the elapines examined (Aspidelaps, Boulengerina, Bungarus, Hemachatus, Maticora, and Naja) clustered together, but as pointed out earlier, the position of the African Dendroaspis is problematical.
Our phylogeny has important implications for the historical biogeography of hydrophiines (sensu novo). Based on immunological distances together with a calibration of 1.6 substitutions per million years, Schwaner et al. (1985) dated the split between elapines and hydrophiines at early Miocene (20 MYA). Based on this, Cadle (1987) argued for a relatively recent origin for Australian elapids, suggesting that they originated via Miocene dispersal from southeast Asia. However, two lines of evidence argue against the Miocenedispersal-from-Asia hypothesis for the origin of hydrophiines. First, Miocene elapid fossils representing modern genera have been reported by Holman (1979; Micrurus) and Rage (1987; Naja) . Thus, some of the terminal splits among elapids had already occurred by the Miocene. Considering that the split between hydrophiines and elapines represents the basal split within elapids, not a terminal split, then clearly the division between elapines and hydrophiines predates the Miocene and probably considerably so, an idea that has been suggested by other authors (e.g., Cogger and Heatwole, 1981; Cogger, 1984) . We ascribe Schwaner et al.' s results to a rate slow-down in the evolution of elapid plasma transferrins. Second, if hydrophiines originated from Asian elapids, then hydrophiines would be expected to have an Asian sister group. But, in fact, the sister group of hydrophiines is the African, American, and Asian species.
The fact that hydrophiines predate the Miocene is significant because it was only in the late Miocene that Australia was close enough to Asia to allow migration from that source (Galloway and Kemp, 1981) . This makes it likely that hydrophiines represent a Gondwanian group that has remained in situ in the Australian region since the break-up of Gondwanaland.
